smooth muscle myosin, which are exclusively Smad1-dependent processes in fibroblasts. Administration of dexamethasone to live mice recapitulated these observations and revealed a lung-specific impact of dexamethasone on lung Tgfbr3 expression and phospho-Smad1 levels in vivo. These data point to an interesting and hitherto unknown impact of glucocorticoids on TGF-␤ signaling in lung fibroblasts and other constituent cell types of the lung that may be relevant to lung physiology, as well as lung pathophysiology, in terms of drug/disease interactions.
Glucocorticoids are endogenously produced steroid hormones such as cortisol that bind to the ubiquitously expressed glucocorticoid receptor and thereby regulate the expression of glucocorticoid-responsive genes. In this way, glucocorticoids influence a broad spectrum of physiological processes, including fat, protein and carbohydrate metabolism, and inflammation (1, 2) . Synthetic glucocorticoids, including the earlier generation drugs dexamethasone and methylprednisolone and later generation budesonide and fluticasone, by virtue of their anti-inflammatory and other properties, have found widespread clinical application (1) .
Although widely and successfully used in respiratory medicine, for example in the management of obstructive airway diseases such as asthma (3, 4) and antenatal use in pregnant women at risk for preterm birth (5) , glucocorticoids have performed surprisingly poorly in the management of other respiratory diseases, including stable chronic obstructive pulmonary disease (6, 7) , the acute respiratory distress syndrome (8, 9) , and lung fibrosis (10) , as well as in the postnatal management of bronchopulmonary dysplasia (11) (12) (13) (14) , where the use of glucocorticoid therapy cannot be currently recommended and may even be deleterious and dangerous. The failure of glucocorticoids in the context of stable chronic obstructive pulmonary disease, lung fibrosis, acute respiratory distress syndrome, and bronchopulmonary dysplasia therapy may well reflect (i) our somewhat limited understanding of the disease mechanisms at play, (ii) our limited understanding of alternative as yet undiscovered activities of these powerful steroids, and (iii) a lack of consideration of the interaction between glucocorticoids and disease mechanisms.
Although the anti-inflammatory properties of glucocorticoids have been well characterized, less attention has been paid to the impact of glucocorticoids on other pathological signaling pathways (2) . Among these pathways, signaling by the TGF-␤ family of polypeptide growth factors has been ascribed a key role, not only in the regulation of inflammation (15) , but also in the pathophysiological mechanisms at play in several lung diseases. In lung fibrosis, the pro-fibrotic activities of TGF-␤ drive the production of the fibrotic mediator connective tissue growth factor and plasminogen activator inhibitor-1 (encoded by the SERPINE1 gene in humans) by lung fibroblasts and promote fibroblast to pathological myofibroblast differentiation (16) . TGF-␤ also drives aberrant production of extracellular matrix molecules such pro-collagen, which limit alveolar repair and proper alveolar development in diseases such as chronic obstructive pulmonary disease (17) (18) (19) , lung fibrosis (17, 20) , acute respiratory distress syndrome (21) , and bronchopulmonary dysplasia (22, 23) . In general, matrix production relies on TGF-␤ signaling by the type I TGF-␤ receptor Tgfbr1 (also called Alk-5), in complex with the type II receptor (Tgfbr2), which together recruit the downstream signaling molecules Smad2 and Smad3 to transduce signals to the nucleus, regulating the expression of TGF-␤-responsive genes in the so-called "Tgfbr1/Smad2/3 axis" (24 -26) .
In the pulmonary vasculature and systemic circulation, an alternative type 1 TGF-␤ receptor Acvrl1 (also called Alk-1) similarly recruits Smad1 (and perhaps Smad5 and Smad8) to drive expression of a different subset of TGF-␤-responsive genes via the "Acvrl1/Smad1 axis" (27) (28) (29) . This Acvrl1/Smad1 axis is thought to play a role in pulmonary vascular diseases such as such as pulmonary hypertension and the hereditary hemorrhagic telangiectasias (27) . The Acvrl1/Smad1 axis, which can promote the acquisition of smooth muscle actin and smooth muscle myosin in several cell types, including lung fibroblasts, is emerging as a regulator of fibroblast to myofibroblast differentiation (30 -36) . Several accessory molecules, including the inhibitory Smad proteins Smad6 and Smad7, as well as the accessory type III TGF-␤ receptors endoglin (also called CD105) and Tgfbr3 (also called betaglycan) (37), play poorly defined regulatory roles, although Tgfbr3 has emerged as a mediator of cancer progression (38) and epithelial to mesenchymal differentiation (39) . Although both the glucocorticoid and TGF-␤ signaling pathways have been well characterized individually, few studies to date have addressed the intersection of the TGF-␤ and glucocorticoid signaling pathways in pulmonary physiology. Such information may prove useful, both to further our understanding of how the TGF-␤ system may be regulated by endogenous glucocorticoids such as cortisol, as well as possible (deleterious or desired) drugdisease interactions, given the widespread use of glucocorticoids in the management of lung and other diseases.
In this study, it was hypothesized that the TGF-␤ signaling pathway, which plays a key pathological role in a broad spectrum of restrictive and obstructive lung diseases, is impacted by glucocorticoids, which are a class of drugs that are widely but generally unsuccessfully (with the exception of asthma) used to treat these same diseases. To address this idea, the influence of glucocorticoids on TGF-␤ signaling was assessed in vitro in a mouse fibroblast cell line and primary lung fibroblasts and in vivo in C57BL/6J mice. These investigations revealed that four widely used synthetic glucocorticoids dramatically impact TGF-␤ signaling in lung fibroblasts, shifting the balance of TGF-␤ signaling from the Tgfbr1/Smad2/3 axis to the Acvrl1/ Smad1 axis. Mechanistically, glucocorticoids impacted the expression of components of the TGF-␤ signaling machinery. In particular, glucocorticoids recruited Tgfbr3, which acted as a switch between the two TGF-␤ signaling axes, to inhibit Tgfbr1/ Smad2/3-driven processes and promote Acvrl1/Smad1-driven signaling. By redirecting TGF-␤ signaling, glucocorticoids were demonstrated to potentiate fibroblast to myofibroblast differentiation. Taken together, our data indicate that glucocorticoids have a powerful effect on TGF-␤ signaling, and as such, glucocorticoids may drive or inhibit TGF-␤ signaling pathways that are relevant to disease pathogenesis.
EXPERIMENTAL PROCEDURES
Cells and Cell Lines-Primary human lung pulmonary microvascular endothelial cells (C0085C) and pulmonary artery smooth muscle cells (C0095C) were obtained from Invitrogen. Primary human lung fibroblasts were obtained from Lonza. Primary mouse lung fibroblasts were isolated as described previously (22) . The NIH/3T3 mouse fibroblast-like cell line (CRL-1658 TM ) and H441 human Clara cell-like airway epithelial cell line (HTB-174 TM ) were obtained from the American Type Culture Collection. H441 cells formed polarized monolayers on membranes of Transwell inserts and were maintained on an air/liquid interface, as described previously (40) . H441 cells were exposed to dexamethasone from the basolateral side, with TGF-␤ stimulation made from the basolateral side. The other three cell types were plated on plastic and maintained in liquid culture as recommended by the manufacturers.
Glucocorticoid and TGF-␤ Stimulation-Cells were stimulated with dexamethasone (20 nM), methylprednisolone (20 nM), budesonide (2 nM), or fluticasone (2 nM) (all from Sigma) for 18 h, where indicated. These concentrations represent the mean, circulating, clinically relevant doses when these agents are employed therapeutically (41, 42) . When cells were intended for the analysis of Smad protein phosphorylation, cells were subsequently stimulated with TGF-␤ 1 (2 ng/ml; R&D Systems) for 30 min, after the 18-h incubation with glucocorticoids. When cells were intended for analysis of gene expression by real time RT-PCR after TGF-␤ 1 stimulation, cells were stimulated with TGF-␤ 1 (2 ng/ml) for 12 h, after the 18-h incubation with glucocorticoids (total, 30 h).
siRNA Knockdown of Gene Expression-Expression of components of the TGF-␤ signaling machinery was abrogated by siRNA-mediated knockdown. The siRNA were from Santa Cruz, and the optimal working concentration was assessed for each siRNA, as: mouse Tgfbr3 (sc-40225; 200 nM) and mouse Smad1 (sc-36507; 200 nM). In all cases, cells were treated with scrambled siRNA (Ambion; AM-4611; at the equivalent concentration) to serve as a negative control. The knockdown efficiency was assessed at the protein level by immunoblot for Tgfbr3 and Smad1. The siRNA transfections were performed with Lipofectamine TM 2000 (Invitrogen), followed by a 6-h transfection period in serum-free Opti-MEM (Invitrogen), after which the medium was exchanged for DMEM supplemented with 10% FCS, and the cells were then stimulated with glucocorticoids and/or TGF-␤ 1 (or vehicle alone, where indicated).
Tgfbr3 Overexpression-Tgfbr3 was overexpressed in NIH/ 3T3 cells using an expression construct containing the mouse tgfbr3 (43) gene that was obtained from Dr. Fernando Lopéz-Casillas (Universidad Nacional Autónoma de México). The human TGFBR3 gene was cloned from human lung cDNA using forward (5Ј-AA GAT ATC ATG ACT TCC CAT TAT GTG AT-3Ј; containing an EcoRV site, in bold type) and reverse (5Ј-A AGC GGC CGC CTA GGC CGT GCT GCT GCT GG-3Ј; containing a NotI site, in bold type) primers, which generated a 2556-bp amplicon containing the complete TGFBR3 coding sequence that was cloned into the EcoRV and NotI sites of pIRES hrGFPII (Agilent). Plasmids were transfected into NIH/3T3 cells using Lipofectamine TM 2000 (Invitrogen) as described above for siRNA. Overexpression was validated by immunoblot.
Immunoblotting-Proteins were prepared from cultured cells by scraping in lysis buffer: 20 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Nonidet P-40, 1 mM sodium vanadate, and 1ϫ Complete TM protease inhibitor mixture (Roche Applied Science). Proteins from mouse lung tissue were homogenized in lysis buffer (1 ml/0.1 g of wet tissue) by disruption in a Precellys 24-Dual Homogenisator (PeqLab) using 1.4-mm ceramic beads (PeqLab) to disrupt tissue. Protein concentration was determined by Bradford assay. Proteins (25 g/lane) were resolved by SDS-PAGE and transferred to nitrocellulose membranes, and immunoblots were probed as described previously (22) , using the following antibodies: mouse anti-rabbit Tgfbr3 (Cell Signaling Technology; 2519; 1:1000), mouse anti-rabbit ␤-actin (Cell Signaling Technology; 4967; 1:1000), mouse anti-rabbit phospho-Smad1/5/8 (Cell Signaling Technology; 9511; 1:800), mouse anti-rabbit Smad1 (Cell Signaling Technology; 9743; 1:1000), mouse anti-rabbit phospho-Smad2 (Cell Signaling Technology; 3101; 1:1000), mouse anti-rabbit phospho-Smad3 (Cell Signaling Technology; 9520; 1:1000), mouse anti-mouse Smad2 (Cell Signaling Technology; 3103; 1:1000), mouse anti-rabbit Smad2/3 (Cell Signaling Technology; 3102; 1:1000), rabbit anti-bovine MYH11 (smooth muscle myosin heavy chain 11; Abcam, ab53219; 1:1000), and monoclonal mouse anti-rabbit ACTA2 (␣-smooth muscle actin; Sigma, A-2547; 1:1000). Immune complexes were detected using peroxidase-conjugated secondary antibodies: anti-rabbit (ThermoFisher Scientific; rb:13460; 1:3000) and anti-mouse (ThermoFisher Scientific; ms:31450; 1:3000). Densitometric analysis of immunoblot bands was performed using the Multi Gauge MFC application version 3.0.0.0.
Real Time RT-PCR Analysis-Total RNA was harvested from cell cultures or mouse lung tissue, after homogenization as described for immunoblotting, using the PeqGold total RNA kit (Peqlab; 12-6834-01) and screened by quantitative real time RT-PCR with the primers listed in Table 1 , as described previously (22, 44, 45) . Changes in mRNA expression were assessed using the gapdh gene as a reference, as described previously (22, 44, 45) . Changes in mRNA expression were reflected as fold change, using the formula: fold change ϭ 2 ⌬⌬CT values (22, 44, 45) .
Dual Luciferase Assay-The Dual-Luciferase assay, using both the firefly luciferase and Renilla luciferase reporters was employed to assess TGF-␤ signaling. The (CAGA) 9 -firefly luciferase (p(CAGA) 9 -luc) (46) and the BRE-firefly luciferase (pBRE-luc) (47) constructs were obtained from Dr. Daizo Koinuma (University of Tokyo). NIH/3T3 cells or primary lung fibroblasts were co-transfected with both the appropriate firefly luciferase-expressing construct and pRL-SV40 (Promega; which constitutively expresses Renilla luciferase) using Lipofectamine TM 2000 (Invitrogen), followed by a 6-h transfection period in serum-free Opti-MEM (Invitrogen). If cells were intended for subsequent siRNA transfection, the siRNA was also transfected with Lipofectamine TM 2000 (Invitrogen), and cells were incubated with siRNA in serum-free Opti-MEM (Invitrogen) medium, after which medium was exchanged for DMEM supplemented with 10% FCS, and cells were then stimulated with glucocorticoids and/or TGF-␤ 1 (or vehicle alone, where indicated). The Dual-Luciferase ratio (DLR), 4 was calculated from luminescence units generated by firefly luciferase normalized for luminescence units generated by Renilla luciferase, as described previously (23) .
Animal Studies-Animal experiments performed in Germany were approved by the Regierungspräsidium Darmstadt (housing the Institutional Animal Care and Use Committee equivalent in Germany) under approval number B2/331. To assess the impact of glucocorticoid administration on TGF-␤ signaling in vivo in the mouse lung, six female C57Bl/6J mice received an intraperitoneal injection (100 l) of dexamethasone (10 mg/kg of body mass; from a dexamethasone sodium 143  45 60.0 phosphate 4 mg/ml injection solution (JENAPHARM, mibe GmbH), diluted in PBS], whereas six control mice received an intraperitoneal injection (100 l) of vehicle (PBS) alone. Twenty-four hours later, the mice were sacrificed, and the lung, liver, heart, and kidneys were harvested for protein and RNA isolation. Organ homogenates were screened for changes in Tgfbr3, Smad1, phospho-Smad1/5/8, Smad2/3, and phospho-Smad2 expression by immunoblot and for changes in mRNA expression of acvrl1, tgfbr3, and smad1 by real time RT-PCR. Statistical Analyses-Data are indicated as means Ϯ S.D. Statistical comparisons were made between two samples with an unpaired Student's t test and by one-way ANOVA followed by a Bonferroni post hoc test (for more than two samples), to evaluate changes between mean values.
RESULTS

Glucocorticoids Inhibit Classical TGF-␤ Signaling-
The effect of glucocorticoids on TGF-␤ signaling was assessed by the activation of the (CAGA) 9 Smad3-binding element that is common to promoters of Tgfbr1/Smad2/3-regulated genes (46) , which was assessed in a luminescence-based Dual-Luciferase assay. TGF-␤ activated the (CAGA) 9 element of the p(CAGA) 9 -luc construct, which was evident by an increase in DLR from 0.014 Ϯ 0.00007 ( Fig. 1A , first bar) in the unstimulated condition to 0.168 Ϯ 0.01 ( Fig. 1A , third bar) after TGF-␤ 1 (2 ng/ml; 12 h) stimulation. The presence of dexamethasone (20 nM) did not impact the DLR, at 0.014 Ϯ 0.0003 ( Fig. 1A , second bar), relative to the unstimulated condition, where a DLR of 0.014 Ϯ 0.00007 was attained ( Fig. 1A, first bar) . However, pretreatment of NIH/3T3 cells with dexamethasone (20 nM) for 18 h prior to stimulation with TGF-␤ 1 caused a decrease in DLR, from 0.168 Ϯ 0.01 ( Fig. 1A , third bar) in the absence of dexamethasone to 0.054 Ϯ 0.005 ( Fig. 1A , fourth bar) in the presence of dexamethasone. These data indicate that the activation of the (CAGA) 9 element by TGF-␤ 1 was inhibited by dexamethasone. Identical trends were also seen with another older generation synthetic glucocorticoid, methylprednisolone Glucocorticoids Alter Expression of Tgfbr3-Glucocorticoids blocked TGF-␤ signaling via the Tgfbr1/Smad2/3 axis, as assessed by activation of the (CAGA) 9 element ( Fig. 1 ). One possible explanation for this was that glucocorticoids might alter the expression of components of the TGF-␤ signaling machinery. To address this possibility, the expression of key components of the Tgfbr1/Smad2/3 axis signaling machinery was assessed in NIH/3T3 cells by real time RT-PCR 18 h after dexamethasone (20 nM) treatment and also after 18 h dexamethasone (20 nM) treatment followed by 12 h of TGF-␤ 1 (2 ng/ml) stimulation (30 h total). Interestingly, the mRNA abundance of the gene accessory type III TGF-␤ receptor, Tgfbr3 (also called betaglycan (37-39)) was increased by dexamethasone 1.88 Ϯ 0.35-fold (p Ͻ 0.001, relative to the unstimulated condition), hinting at a mechanism by which glucocorticoids might inhibit TGF-␤ signaling in fibroblasts. For this reason, a possible role for Tgfbr3 in regulating TGF-␤ signaling in NIH/ 3T3 cells was explored in detail.
Glucocorticoids Recruit Tgfbr3 to Shift TGF-␤ Signaling from Smad2/3 to Smad1-To examine the functional contribution of Tgfbr3 to the effects of dexamethasone on TGF-␤ signaling, the expression of tgfbr3 was ablated by transfection of NIH/3T3 cells with siRNA directed against tgfbr3, with scrambled siRNA serving as a negative control. Using a luciferase-based DLR assay, TGF-␤ 1 induced activation of the TGF-␤-responsive (CAGA) 9 element ( Fig. 2A ), and this effect was potentiated (i.e., (CAGA) 9 -driven luciferase production was increased) when tgfbr3 expression was ablated by siRNA, confirming that Tgfbr3 was antagonistic to the Tgfbr1/Smad2/3 axis. Consistent with the data presented in Fig. 1A , dexamethasone blocked TGF-␤ induction of luciferase expression by the (CAGA) 9 element ( Fig. 2A ; compare the seventh bar versus the fifth bar). When tgfbr3 expression was ablated, dexamethasone lost the ability to dampen (CAGA) 9 responsiveness to TGF-␤ ( Fig. 2A , compare the eighth bar versus the seventh bar). These DLR data confirm that Tgfbr3 impacts both the responsiveness of the Tgfbr1/ Smad2/3 (CAGA) 9 element to TGF-␤ 1 and that Tgfbr3 mediates the effect of glucocorticoids on TGF-␤ 1 induction of the (CAGA) 9 element.
To examine the mechanistic role of Tgfbr3 further, the more proximal aspects of the Tgfbr1/Smad2/3 and Acvrl1/Smad1 axes were examined, by assessing Smad2/3 phosphorylation, and Smad1 phosphorylation, respectively ( Fig. 2B ; quantified from three independent experiments in Fig. 2, D and E) . In support of the increased tgfbr3 mRNA levels observed in response to dexamethasone stimulation (reported above), increased Tgfbr3 protein expression in response to dexamethasone stimulation was also observed by immunoblot ( Fig. 2B , compare the third lane versus the first lane; quantified in Fig.  2C, upper panel) . In the case of Smad2/3, TGF-␤ stimulation drove phosphorylation of both Smad2 and Smad3 (Fig. 2B , fifth lane), and this effect was potentiated (i.e., more Smad phosphorylation was seen) when tgfbr3 expression was knocked down (Fig. 2B, sixth lane) , with the knockdown of Tgfbr3 validated by immunoblot ( Fig. 2B , compare even versus odd lanes; quantified in Fig. 2C, lower panel) . In the presence of Tgfbr3, dexamethasone reduced Smad2/3 phosphorylation levels (Fig. 2B , compare the seventh lane versus the fifth lane; quantified in Fig. 2E ), whereas after siRNA-mediated ablation of tgfbr3 expression, the inhibitory effect of dexamethasone on TGF-␤ 1 -induced phosphorylation of Smad2/3 was lost (Fig. 2B, eighth lane versus the sixth lane; quantified in Fig. 2E ). These data clearly indicate that (i) Tgfbr3 is antagonistic to TGF-␤driven Smad2/3 phosphorylation in NIH/3T3 cells and (ii) dexamethasone requires Tgfbr3 to block phosphorylation of Smad2/3 induced by TGF-␤. Interestingly, an analysis of Smad1 phosphorylation, which lies in the alternative Acvrl1/Smad1 TGF-␤ signaling axis, was dramatically-and oppositely-impacted by dexamethasone (Fig. 2B) . Indeed, dexamethasone alone was able to drive Smad1 phosphorylation (Fig. 2B, compare the third lane versus the first lane; quantified in Fig. 2D ). Furthermore, TGF-␤ 1 stimulated Smad1 phosphorylation, and this effect was stronger in the presence of Tgfbr3 (Fig. 2B, compare the sixth lane versus the  fifth lane) , which is the opposite of what is seen for Smad2 phosphorylation in the presence of Tgfbr3. Most notably, Tgfbr3 had a pivotal effect on the ability of dexamethasone to impact the ability of TGF-␤ 1 to phosphorylate Smad1 (Fig. 2B , sixth lane versus fifth lane, compared with eighth lane versus seventh lane). This effect is highlighted in the densitometric analysis presented in Fig. 2D . Together, these data demonstrate two important facts: (i) that dexamethasone redirects TGF-␤ signaling in NIH/3T3 cells, blocking the Smad2/3 axis and favoring the Smad1 axis, and (ii) that Tgfbr3 is central to the ability of dexamethasone to redirect TGF-␤ signaling in this way.
The ability of Tgfbr3 to impact TGF-␤ signaling via the Acvrl1/Smad1 axis was validated by the overexpression of human TGFBR3 (which mimics the effect of dexamethasone on Tgfbr3 expression in NIH/3T3 cells) from plasmid pIRES::TGFBR3. Overexpression of TGFBR3 dose-dependently increased both base-line and TGF-␤-stimulated Smad1/ 5/8 phosphorylation ( Fig. 3A ; quantified in Fig. 3B ). Employing a DLR-based luciferase reporter system, where the Smad1-responsive BMP response element (BRE) drives luciferase production in plasmid pBRE-luc, co-transfection of pBRE-luc with p pIRES::TGFBR3 increased base-line activity of the Smad1responsive BRE (Fig. 3C ). The impact of dexamethasone on TGF-␤-driven BRE activity was not assessed, because dexamethasone alone drove pBRE-luc luciferase expression, suggesting the presence of a glucocorticoid response element in the pBRE-luc plasmid (data not shown). These data demonstrate that overexpression of Tgfbr3, as would be induced by dexamethasone, would drive signaling via the Acvrl1/Smad1 axis. It is important to note that the level of increased Tgfbr3 expression required to drive Smad1/5/8 phosphorylation (Fig. 3B ) was below or equal to the levels of Tgfbr3 expression increased by dexamethasone ( Fig. 2C, upper panel) . As such, the levels of Tgfbr3 increased by dexamethasone are sufficient to drive increased Smad1/5/8 phosphorylation. These data also support the idea that dexamethasone-driven Tgfbr3 expression would shift the balance of TGF-␤ signaling from the Tgfbr1/Smad2/3 axis to the Acvrl1/Smad1 axis in NIH/3T3 cells.
Smad1 Functionally Contributes to the Effects of Dexamethasone on TGF-␤ Signaling-Both dexamethasone and Tgfbr3
impacted Smad1 phosphorylation in NIH/3T3 cells (Fig. 2B ), suggesting a role for Smad1, which is the key mediator of the Acvrl1/Smad1 axis, in the effects of dexamethasone on TGF-␤ signaling. The Acvrl1/Smad1 axis, which is traditionally con-sidered to be active primarily in the endothelium (29, 48 -50) , was demonstrated to be active in NIH/3T3 cells (results not shown) and in fibroblasts (51, 52) . To examine the functional contribution of Smad1 to the effects of dexamethasone on TGF-␤ signaling, the expression of smad1 was ablated by transfection of NIH/3T3 cells with siRNA directed against smad1, with scrambled siRNA serving as a negative control. Using a luciferase-based promoter reporter assay, TGF-␤ 1 could induce expression of the TGF-␤-responsive (CAGA) 9 element (Fig. 4A ), and this effect was potentiated when smad1 expression was ablated by siRNA ( Fig. 4A, compare the sixth bar versus the fifth bar). Consistent with the data presented in Fig. 1A , dexamethasone blocked TGF-␤ 1 induction of luciferase expression by the (CAGA) 9 element (Fig. 4A) . These DLR data confirm that Smad1 impacts the responsiveness of the Tgfbr1/ Smad2/3 (CAGA) 9 element to TGF-␤, which is consistent with the Acvrl1/Smad1 axis being antagonistic to the Tgfbr1/ Smad2/3 axis. Additionally, these data reveal that Smad1 is a central mediator of the effects of dexamethasone on Tgfbr1/ Smad2/3-driven (CAGA) 9 activation, because when smad1 expression was ablated, the inhibitory effects of dexamethasone on the responsiveness of the Tgfbr1/Smad2/3 (CAGA) 9 element to TGF-␤ were lost (Fig. 4A , compare the eighth bar versus the sixth bar). These data support the idea that increased Tgfbr3 expression would redirect TGF-␤ signaling by two separate but related mechanisms: increased Tgfbr3 expression would (i) drive the Acvrl1/Smad1 pathway directly by enhancing Smad1/5/8 phosphorylation and (ii) inhibit the Tgfbr1/ Smad2/3 pathway through the antagonistic impact of increased Smad1 activity on Tgfbr1/Smad2/3 signaling.
TGF-␤ 1 stimulation drove Smad2 phosphorylation (Fig. 4B , compare the fifth lane versus the first lane), and this effect was potentiated (i.e., more Smad2 phosphorylation was seen) when smad1 expression was knocked down (Fig. 4B , compare the sixth lane versus the fifth lane). In the presence of Smad1, dexamethasone dramatically reduced Smad2 phosphorylation levels (Fig. 4B , compare the seventh lane versus the fifth lane), whereas after siRNA-mediated ablation of smad1 expression, pretreatment with dexamethasone did not appreciably impact the ability of TGF-␤ to drive phosphorylation of Smad2 (Fig.  4B, compare the eighth lane versus the sixth lane) . The Smad2 phosphorylation data are quantified in Fig. 4C , where Smad2 phosphorylation has been preferentially used as a proximal readout for TGF-␤/Tgfbr1/Smad2/3 signaling, because the low abundance of Smad3 makes total Smad3 detection troublesome, and the phospho-Smad3 antibody yields high background. Together, these data confirm (i) that Smad1 is antagonistic to the Tgfbr1/Smad2/3 axis in NIH/3T3 cells and (ii) that dexamethasone requires Smad1 to dampen the activity of the Tgfbr1/Smad2/3 axis.
Glucocorticoids Have Comparable Effects in Primary Lung Fibroblasts-Because the NIH/3T3 cell line essentially serves as a model for fibroblasts, the effects of glucocorticoids on TGF-␤ signaling were also assessed in primary lung fibroblasts. Indeed, responses were seen in primary lung fibroblasts comparable to those observed in the preceding data obtained with NIH/3T3 cells, where exposure to dexamethasone dampened activation of the Tgfbr1/Smad2/3-responsive (CAGA) 9 element in p(CAGA) 9 -luc after TGF-␤ stimulation (Fig. 5A ). Furthermore, exposure of primary fibroblasts potentiated Smad1 phosphorylation and dampened Smad3 phosphorylation in primary lung fibroblasts in response to TGF-␤ stimulation (Fig. 5B) , which is comparable to the effects of dexamethasone on NIH/3T3 cells. However, dexamethasone did not impact Smad2 phosphorylation in primary lung fibroblasts (Fig. 5B) , which contrasts with observations made in NIH/3T3 cells (Fig. 2B) .
The impact of dexamethasone on Smad phosphorylation was also assessed in other cells that represent the constituent cell types of the lung, including H441 cells, which are a human airway epithelial cell line that polarizes in culture and are similar to Clara cells (Fig. 5D) ; primary human lung microvascular endothelial cells (Fig. 5C) ; and primary human pulmonary artery smooth muscle cells (Fig. 5 ). In all of these cell types, TGF-␤-driven Smad1 phosphorylation and, thus, activation of the Acvrl1/Smad1 axis, were potentiated by dexamethasone. Thus, the impact of dexamethasone on the Acvr1/Smad1 axis appears to be a mechanism common to many lung (and perhaps other) cell types. As with lung fibroblasts and NIH/3T3 cells, dexamethasone dampened the phosphorylation of Smad3 in response to TGF-␤ 1 , in both primary pulmonary artery endothelial cells (Fig. 5C ) and primary lung pulmonary artery smooth muscle cells (Fig. 5E ). Thus, dexamethasone was also antagonistic to Tgfbr1/Smad2/3 signaling in these cells, although no impact on Smad2 phosphorylation was noted for either cell type. Furthermore, dexamethasone had no appreciable impact on Smad2 or Smad3 phosphorylation in airway epithelial cells (Fig. 5D ). Noteworthy among the observations FIGURE 3. Overexpression of TGFBR3 drove the Acvrl1/Smad1 axis. A, the impact of the overexpression of human TGFBR3 in NIH/3T3 cells in Smad1/5/8 phosphorylation was assessed by immunoblot, employing pIRES::TGFBR3 for TGFBR3 overexpression or pIRES as empty vector. Identical data were obtained with the mouse Tgfbr3-expressing construct; however, the increased expression of human TGFBR3 over the background, endogenous mouse Tgfbr3 was more evident, and hence, these data are presented here. B, expression changes in Tgfbr3 in the TGF-␤-stimulated groups were assessed by densitometry, where p values compare mean values in the pIRES-transfected versus pIRES::TGFBR3-transfected cells. C, to validate that the expression of TGFBR3 can (in the absence of TGF-␤ stimulation) drive Acvrl1/Smad1 signaling, the expression of the Smad1-responsive "BMP-responsive element" in pBRE-luc was assessed by Dual-Luciferase assay, in the presence of either pIRES::TGFBR3 or pIRES as empty vector. The data represent means Ϯ S.D. (n ϭ 6), and p values were assessed by unpaired Student's t test.
made here are (i) that dexamethasone has largely the same impact on primary lung fibroblasts as seen with NIH/3T3 cells and (ii) that dexamethasone has different effects on different lung cell types, although the ability of dexamethasone to potentiate TGF-␤-driven Smad1 phosphorylation appears to be common to all lung cell types explored.
Glucocorticoids Functionally Impact TGF-␤-regulated Physiological Processes-TGF-␤ regulates a broad spectrum of processes in lung fibroblasts. To assess the impact of glucocorticoids on some of these processes, the TGF-␤-driven differentiation of primary human lung fibroblasts into myofibroblasts was selected to demonstrate proof of principle. This process is described to be driven by the Acvrl1/Smad1 axis (30 -36) and thus should be enhanced in fibroblasts after exposure to dexamethasone. The acquisition of smooth muscle myosin (MYH11) and ␣-smooth muscle actin (ACTA2) markers are the hallmark characteristics of myofibroblast differentiation. No effect of TGF-␤ 1 alone or dexamethasone alone was evident on MYH11 expression (Fig. 6, A and B) but applied consecutively (18 h dexamethasone followed by 12 h TGF-␤ 1 ) increased MYH11 abundance. In contrast, both TGF-␤ 1 and dexamethasone applied alone drove ACTA2 expression, and this effect was potentiated by consecutive application (Fig. 6, A and C) . This observation is consistent with the increased activation of the Acvrl1/Smad1 axis by dexamethasone that was observed in NIH/3T3 cells (Fig. 2B ) and primary lung fibroblasts (Fig. 5B ) FIGURE 4 . Smad1 functionally contributes to the effects of glucocorticoids on Tgfbr1/Smad2 signaling in NIH/3T3 cells. Smad2 was preferentially employed as a readout of Tgfbr1/Smad2/3 axis activation, because Smad2 is more abundant than Smad3, which made quantification and visualization easier. A, Smad1 expression was knocked down by siRNA transfection, and the effects of dexamethasone (dex) and TGF-␤ 1 (2 ng/ml), alone or in combination, were assessed in a luminescence-based Dual-Luciferase assay employing p(CAGA) 9 -luc and pRL-SV40. The data represent means Ϯ S.D. (n ϭ 6), and p values were assessed by one-way ANOVA followed by a Bonferroni post hoc test. B, the impact of reduced Smad1 expression on the phosphorylation of Smad2 induced by dexamethasone and TGF-␤ 1 stimulation (alone, or in combination) was assessed by immunoblot. C, densitometric analysis was employed to assess the impact of smad1 ablation on TGF-␤ 1 -induced Smad2 phosphorylation in the presence or absence of dexamethasone. The data represent means Ϯ S.D. (n ϭ 3), and p values were assessed by unpaired Student's t test.
and supports the idea that the impact of glucocorticoids on TGF-␤ signaling may be of physiological and pathophysiological importance.
Glucocorticoids Modulate Tgfbr3, Acvrl1, and Smad1 Expression in Vivo-Intraperitoneal administration of dexamethasone (10 mg/kg) for 24 h to living mice resulted in increased mRNA abundance of tgfbr3, smad1, and acvrl1 in the lungs, but not generally in the extrapulmonary organs, of live mice (Fig.  7A) . Interestingly, these changes were confined largely to the lung, with down-regulation of smad1 expression in the heart and liver and down-regulation of acvrl1 expression in the liver being the only changes observed in the three extrapulmonary organs examined. The basis for the lung-selective effect of dexamethasone is not known. In support of the gene expression data, the protein expression of Tgfbr3 and Smad1 was increased in the lungs of dexamethasone-treated live mice (Fig. 7B) . These data are consistent with the trends observed in NIH/3T3 cells ( Fig. 2B ) and in primary lung fibroblasts (Fig. 5B ). Additionally, an increased abundance of Smad1 was observed in the lungs from dexamethasone-treated versus vehicle-treated mice (Fig. 7B) . In contrast, the abundance of phospho-Smad2 was unchanged comparing lungs from dexamethasone-treated mice versus lungs from vehicle-treated mice (Fig. 7B ), which is also consistent with the data from primary lung fibroblasts (Fig.  5B) . Unfortunately, neither phospho-Smad3 nor total Smad3 could be reliably detected in mouse lung homogenates (data not shown). Together, these data suggest that dexamethasone can drive TGF-␤/Acvrl1/Smad1 signaling in the lungs of live mice, lending credence to our suggestion that this phenomenon may be physiologically relevant. 9 promoter element by TGF-␤ 1 (2 ng/ml), assessed by Dual-Luciferase reporter assay. Primary adult human lung fibroblasts were transfected with p(CAGA) 9 -luc and pRL-SV40 constructs and, 6 h later, treated with dexamethasone (dex; 20 nM) or vehicle alone for 18 h, followed by TGF-␤ 1 (2 ng/ml) for an additional 12 h. The data indicate means Ϯ S.D. (n ϭ 6), where p values were assessed by one-way ANOVA followed by a Bonferroni post hoc test. The impact of dexamethasone on Smad1, Smad2, and Smad3 phosphorylation was also assessed by immunoblot in primary adult human lung fibroblasts (B), primary adult human pulmonary artery endothelial cells (C), the human lung H441 cell line (D), and primary adult human pulmonary artery smooth muscle cells (E). In each case, cells were treated with dexamethasone (20 nM) for 18 h, followed by TGF-␤ 1 (2 ng/ml) for 30 min, prior to assessing Smad expression and phosphorylation by immunoblot.
DISCUSSION
The data presented here demonstrate that glucocorticosteroids impact TGF-␤ signaling in lung fibroblasts, as well as in other constituent cell types of the lung. This was demonstrated for four synthetic glucocorticoids used in clinical practice: dexamethasone, methylprednisolone, budesonide, and fluticasone. These data are important because (i) TGF-␤ is recognized as a key mediator of both normal physiological processes that take place in the lung and pathological processes that underlie a broad spectrum of lung diseases; (ii) lung fibroblasts are a key disease-mediating cell type in several lung diseases and are an important regulator of organogenesis and tissue repair; and (iii) glucocorticoids are a mainstay therapy for several lung diseases. The possible interaction between glucocorticoids and the TGF-␤ signaling system should be considered when glucocorticoids are used to treat lung disease.
The primary impact of glucocorticoids on TGF-␤ signaling in fibroblasts was to shift TGF-␤ signaling away from the Tgfbr1/Smad2/Smad3 axis and in favor of the Acvrl1/Smad1/ Smad5/Smad8 axis. This was achieved primarily by glucocorticoid-driven expression of Tgfbr3, where Tgfbr3 acted as a redirecting "switch." In this study, the effects of glucocorticoids on Tgfbr3 expression have been demonstrated to be a functionally relevant mechanism by which glucocorticoids dampen Tgfbr1/ Smad2/3 signaling and, at the same time, enhance Acvrl1/ Smad1 signaling in fibroblasts.
In the endothelium, the presence of functional Tgfbr1/ Smad2/3 and Acvrl1/Smad1 TGF-␤ signaling axes has been described (28, 29) , although no role for Tgfbr3 has ever been implicated in the balance of activity of these two axes. In the endothelium, the balance between these two signaling axes has been credited with profound effects on vascular homeostasis, where the Tgfbr1/Smad2/3 pathway leads to inhibition of endothelial cell migration and proliferation, and the Acvrl1/ Smad1 pathway induces endothelial cell migration and proliferation (28, 29) . Specifically in the pulmonary arteries, reduced Acvrl1/Smad1 signaling in the endothelium plays a role in the aberrant pulmonary vascular remodeling seen in pulmonary arterial hypertension and hereditary hemorrhagic telangiectasia, where Smad1 signaling is blocked, because of dysfunctional Acvrl1 caused by ACVRL1 mutations (53) . Diminished Smad1 phosphorylation is also seen in the monocrotaline-based rat model of pulmonary hypertension (44) . In other (nonhereditary) forms of telangiectasia, such as radiation-induced telangiectasia, a similar pattern emerges, where ionizing radiation shifts the balance from Tgfbr1/Smad2/3 to Acvrl1/Smad1 signaling in human dermal and lung microvascular endothelial cells, driving pathological activation of Notch signaling (54) . In addition, blunted Acvrl1/Smad1 signaling is associated with the development of pulmonary arterial hypertension (44, (55) (56) (57) , and Smad1-driven endothelial cell migration and proliferation are associated with pulmonary vascular development (58) .
This highlights the importance of proper Acvrl1/Smad1 signaling in normal vascular homeostasis, as well as in pathology. It is tempting to speculate, based on the data presented here, that glucocorticoids may be employed to correct this defect by driving Smad1 signaling in endothelial cells, particularly considering that both Tgfbr3 and Smad1 mRNA expression is also down-regulated in patients with idiopathic pulmonary arterial hypertension (59) . To date, the value of glucocorticoids in patients with pulmonary arterial hypertension has not been evaluated in a randomized controlled clinical trial; however, dexamethasone has been reported to reverse monocrotalineinduced pulmonary hypertension in rats (60), but Smad1 signaling was not assessed in that study. Pathological consequences caused by disturbances to the balance between the Tgfbr1/Smad2/3 and the Acvrl1/Smad1 axes are not limited to the vascular endothelium, where a shift in favor of the Acvrl1/ Smad1 axis has been reported in chondrocytes in osteoarthritis. This pro-Acvrl1/Smad1 shift is regarded as pathogenic, because Acvrl1/Smad1 signaling promotes the pathological terminal differentiation of chondrocytes, driving cartilage destruction and osteoarthritis (61) , which is interesting, given the widespread use of intra-articular injections of glucocorticoids to manage inflammatory flares associated with osteoarthritis (62) .
Our observations that glucocorticoids modulate TGF-␤ signaling by promoting Acvrl1/Smad1-driven processes and suppressing Tgfbr1/Smad2/3-driven processes in lung fibroblasts are interesting when seen in the background of glucocorticoid use in lung disease. Indeed, these data may explain some observations recently reported in the literature. In a chorioamnion- itis preterm lamb model, administration of the glucocorticoid betamethasone to pregnant sheep, in which intrauterine inflammation had been induced by intra-amniotic injection of Escherichia coli lipopolysaccharide, caused a decrease in Tgfbr1-dependent Smad2 phosphorylation in fetal lungs (63) . This is consistent with the data we present here, where we propose that glucocorticoids dampen the activity of the Tgfbr1/ Smad2/3 axis. In further support of this idea, in another study, antenatal betamethasone dampened lung elastin and collagen deposition (64) . Because the deposition of elastin and collagen is Tgfbr1/Smad2/Smad3-dependent, the reduced elastin and collagen deposition would be expected, given the impact of glucocorticoids on Tgfbr1/Smad2/Smad3 signaling reported here.
Glucocorticoids exhibited different effects on TGF-␤ signaling in the primary constituent cell types of the lung. Consistent across all four primary lung cell types was the ability of dexamethasone to promote increased base-line Smad1/5/8 phosphorylation. Additionally, dexamethasone acted synergistically with TGF-␤ to drive Smad1/5/8 phosphorylation in H441, fibroblast, and endothelial cells, although not in vascular smooth muscle cells. Thus, dexamethasone generally promoted Smad1/5/8 activation in multiple lung cell types. The opposite was seen with the Tgfbr1/Smad2/3 axis, where dexamethasone blunted TGF-␤-induced Smad3 phosphorylation in lung fibroblasts, endothelial, and smooth muscle cells, but not H441 cells. In primary fibroblasts and H441 cells, dexamethasone did not impact TGF-␤-induced Smad2 phosphorylation and acted synergistically with TGF-␤ to increase TGF-␤-driven Smad2 phosphorylation in endothelial and smooth muscle cells. In general, the Tgfbr1/Smad2/Smad3 axis in H441 cells appeared relatively resistant to the effects of dexamethasone, although it has been suggested that in human fetal lung epithelial cells, dexamethasone, and TGF-␤ antagonize one another (65) . Thus, in sum, although dexamethasone generally drove the Acvrl1/Smad1 pathway, the impact of dexamethasone on the Tgfbr1/Smad2/3 (and Smad2) pathway was variable and cell type-dependent.
The impact of glucocorticoids on TGF-␤ signaling in primary adult human lung fibroblasts was physiologically relevant, because dexamethasone and TGF-␤ acted synergistically to drive fibroblast to myofibroblast differentiation, as assessed by the acquisition of MYH11 (smooth muscle myosin) and ACTA2 (␣-smooth muscle actin) markers. These contentions are supported by the observations of others that dexamethasone and TGF-␤ act synergistically to drive the differentiation of primary fetal human lung fibroblasts to myofibroblasts, as monitored by the acquisition of ACTA2 (66) . The myofibroblast is a key pathogenic mediator of asthma, chronic obstructive pulmonary disease, bronchopulmonary dysplasia, and acute respiratory distress syndrome (67) , and the data presented here indicate that glucocorticoids may drive myofibroblast differentiation in the background of glucocorticoid use in these pathologies. Although not addressed in this study, our data suggest a mechanism by which TGF-␤ signaling may also be modulated by endogenous glucocorticoids, such as cortisol, which are active in lung and airway diseases such as asthma (68, 69) . Indeed, Smad1 signaling is reported to be activated (and proposed to drive pathology) in airway epithelial cells during experimental allergic airway inflammation (70) , and it would be interesting to assess whether increased Smad1 activation might be due to or exacerbated by glucocorticoids, either endogenous or applied exogenously, because budesonide and fluticasone are the mainstay of asthma therapy today (3, 4) . When dexamethasone and TGF-␤ were applied in the reverse sequence (first TGF-␤, then dexamethasone), no impact on TGF-␤ signaling was observed (results not shown); however, no impact was anticipated, because the effects of dexamethasone on TGF-␤ signaling are attributed here to dexamethasone-induced changes in the expression of Tgfbr3, a component of the TGF-␤ signaling machinery. The idea we present here is likely to be of disease relevance, because in a patient that is chronically treated with glucocorticoids, the expression of Tgfbr3 is likely to be increased. At the same time, TGF-␤ is generated continuously over the course of disease, and lung fibroblasts (and other lung cells) are likely to become more (through Acvrl1/ Smad1) and less (through Tgfbr1/Smad2/3) responsive to TGF-␤ over time.
Used in vivo in mice, glucocorticoids influenced TGF-␤ signaling, and most notably, dexamethasone drove Tgfbr3 expression, as well as Smad1 expression (leading to an overall increase of phospho-Smad1 levels) in the lung. Unfortunately, neither Smad3 nor pSmad3 could be reliably detected in whole lung homogenates from mice. However, these data document that the two key effects of dexamethasone: increased Tgfbr3 and Smad1 expression, also occur in vivo. Although examined in the context of the respiratory system, the impact of glucocorticoids on TGF-␤ signaling almost certainly occurs in other cell types (and organs) as well, and as such, the data presented here are of broad general interest, in systems other than the respiratory system. Although, we also report here that when administered via the intraperitoneal route, the impact of dexamethasone on the expression of the TGF-␤ signaling machinery was seen predominantly in the lung, with little or no changes observed in the heart, kidney, or liver. The reasons for this are currently not apparent and should form the basis of future work exploring systemic glucocorticoid use to treat lung disease.
